With the continuous development of mechanical automation, the structural health monitoring techniques are increasingly high requirements for damage detection. So structural health monitoring (SHM) has been playing a significant role in terms of damage prognostics. The main contribution pursued in this investigation is to establish a detection system based on ultrasonic excitation and fiber Bragg grating sensing, which combines the advantages of the ultrasonic detection and fiber Bragg grating (FBG). Differencing from most common approaches, a new way of damage detection is based on fiber Bragg grating (FBG), which can easily realize distributed detection. The basic characteristics of fiber Bragg grating sensing system are analyzed, and the positioning algorithm of structural damage is derived in theory. On these bases, the detection system was used to analyze damage localization in the aluminum alloy plate of a hole with diameters of 6 mm. Experiments have been carried out to demonstrate that the sensing system was feasible and that the estimation method of the location algorithm was easy to implement.
Introduction
Recently, structural health monitoring (SHM) has been playing a significant complimentary role in terms of damage prognostics, which has been applied in many fields, especially in aerospace, civil engineering, railway field extensions, and even in the automobile industry. Traditional nondestructive evaluation (NDE) techniques include ultrasonic, eddy current, and magnetic particle. In recent years, SHM using ultrasonic excitation and piezoelectric ceramics network has been extensively studied, while ultrasonic excitation and fiber Bragg grating sensing technology is a new damage detection method [1] . It fully combines ultrasonic advantages, such as focused power, strong sound press, and long propagation length and the characteristic that FBG can easily construct distributed detection network, overcoming the disadvantages of traditional electronic sensors.
At present, it has already been detected by related researchers. Such as, Tsuda presented a novel ultrasound sensing system using a fiber Bragg grating (FBG) and broadband light source to damage inspection [2] and measured imparting damage to carbon fiber composite using FBG [3] . Brian Culshaw summarized the interaction mechanisms between ultrasound and fiber sensors and confirms their functional flexibility to detect damage in a sample [4] . Tsuda et al. analyzed ultrasonic sensitivity through an aluminum plate and also evaluated from the response the amplitude of the FBG sensor [5] . Jang et al. used multiplexed fiber Bragg grating (FBG) sensor to study positioning algorithm for composite structures [6, 7] . However, these predicted detections often differ from real damage. Only a few nondestructive testing techniques can be considered sufficiently for smart materials. The method involves the analysis of the transmitted and reflected waves. The presence of damage is identified by contrasting the detected signal with the reference signal.
Aiming at the application of FBG sensors in ultrasonic testing, this paper focuses on the use of FBGs as ultrasonic receivers. The intention of the paper is to present a FBG sensing system based on ultrasonic excitation for the board plates. The structure of the paper is as follows: in Section 2, the FBG sensing system is introduced briefly, and then the characteristics of the FBG sensing signals under ultrasonic excitation are analyzed, and Section 3 analyzes the damage localization algorithm based on elliptical technology, whose practical implementation is described using an aluminum alloy plate with a hole with diameters of 6 mm in Section 4. Finally, the testing results obtained using this estimation method are given and the paper is concluded in Section 5. 
Basic Characteristics of the Ultrasonic Excitation and FBG Sensing
The strain caused by ultrasonic spreading in the material is small, usually only a few or a dozen microstrains, so it should be ensured that fiber grating demodulation system has a high demodulation speed to realize the measurement of ultrasonic signals. In addition, the optical fiber grating has an axial strain sensitivity, while the ultrasonic energy is focused on the acoustic axis. In the far field region, the sound on the axis of the sound pressure is reduced with the increase of the relative sound-source distance. To this end, we first study the basic characteristics of ultrasonic excitation and fiber Bragg grating sensing. The objects of study are three different materials (steel, copper, and aluminum) plates. Experimental measurement system is shown in Figure 1 , and the signal demodulated method is an adjustable laser edge filter demodulation. The plate's dimensions are all 300 mm * 300 mm * 2 mm, FBG paste location diagram is shown in Figure 2 , FBG transversely paste and the wavelength is 1305.304 nm.
Research on Ways of Ultrasonic Excitation and Medium.
Experimental object is aluminum plate, which has 15 test points in each plate and is shown in Figure 2 . The experimental data should be saved in disk, and analyzed by matlab software. Then, each test point of the received signal pp (signal peak-peak) is obtained. The following diagram in Figure 3 is the changing curve of ultrasonic intensity on aluminum plate by lame wave. it can be obviously seen that pp decreased significantly with the angle and the distance increasing. It can be seen from Figure 4 that the use of the detection results by lame wave is more preferable in ultrasonic damage detection. In the experiment, longitudinal wave forms lame wave by incident into the plate at a certain angle. This procedure needs the cooperation of the wedge. The mode of lamb wave is different excited by different angles of the wedge. Therefore, the selection of the longitudinal wave incidence angle is critical, due to the limitations of the experimental conditions, just 30 degrees and 45 degrees have been chosen to this incident to identify a more appropriate incident angle on steel plate. It can be seen from Figure 5 , when the angle of the incidence is 30
∘ , that the sensitivity of the signal is more strong. Therefore, we chose a wedge of 30 ∘ . It can be obviously seen from Figure 6 that the relationship of the ultrasonic intensity on different materials is aluminum > steel> copper. 
The Experimental Analysis on Structure
Damage. It can be concluded from the study above that the ultrasonic intensity on aluminum plate is the biggest and lamest wave excitation and that the excitation angle of 30 ∘ is the best. When ultrasonic excitation direction coincides with the axial direction of FBG, the FBG of ultrasonic intensity is the strongest, and the angle is greatly, weakened more obviously. The more the distance between ultrasonic and FBG, the more signal received by FBG is stronger. Selecting aluminum plate as object, lame wave incidence, the incidence angle of 30 ∘ , and designing 6 mm diameter holes departing 8 cm from the axis of fiber grating, we can collect the experimental data of the pilot, which is 4 cm distant from FBG along the axial direction of FBG. It can be found from Figures 7 and 8 , in the condition of the defective and nondefective, the waveform of the received signal is substantially different and a wave packet can be seen obviously. Seeking the pp average from many experiments, the pp of the signal is 133.9 mV in the absence of defects, when defective, the FBG of the received ultrasonic intensity is significantly reduced, and the voltage of pp is only 44.2 mV. It is suggested that the structure damage detection is feasible by FBG.
Damage Location Algorithm
The experiment schematic of ultrasonic excitation (FBGs) damage detection system is shown in Figure 9 , including four distributed optical fiber gratings. Ultrasonic probe generates ultrasonic signal in plate structure. If damage does not exist in the board structure, sensor only receives health waveform from the ultrasonic probe. When damage exists in the board structure, sensor will receive not only health waveform from the ultrasonic probe, but also emitting wave component produced by the damage, surrounding that which we analyze of the received sensing signal and get information about structural damage. Figure 10 demonstrates the schematic ellipse algorithm for structural damage detection, in which three small circles represent three fiber Bragg grating sensors, triangle represents an ultrasonic probe, five-pointed star represents damage. Excitation probe is set as the origin of coordinates, and three sensors are located at 1 , 2 , and 3 . Supposing that distance from excitation probe to one sensor is , the distance between the spacing of damage and excitation and the spacing of damage and sensor is . According to the definition of the ellipse with excitation probe and a fiber Bragg grating sensor as the focus, damage point lies on the elliptical circumference. It is impossible to determine the damage location only by one ellipse. Therefore, we need more fiber Bragg gratings to draw the second or the third ellipse. The intersection of these ellipses is the damaged position.
The basic idea of ellipse algorithm, which has the advantages of simple geometry based on the assumption, is how to determine the delay time of signal transmission from the excitation source to the sensor under the reflection effect of the damage. According to the propagation speed, we can calculate the distance after obtaining the delay time.
Elliptic equation is 
The related parameters are defined as
Therefore, we need three distance parameters to determine the elliptic equation, the first distance is from the excitation source to every sensor, the second distance 1 is from the excitation source to the damaged position, and the third distance 2 is from the damaged position to the sensor. According to the definition of the ellipse, the distance sum of 1 plugging 2 is . Figure 11 is signal propagation path. Assumption of 1 for arrival time of health sensing signals in plate structure and 2 for arrival time of sensing signals in damaged plate structure, the delay time can be expressed as
The related parameter V 0 is the velocity signal under health mode, while V 1 is the velocity signal under damaged mode through the damaged plate structure. Because the parameter V 1 is close to V 0 , we can take the same speed parameters in the calculation process. 
Analysis of Damage Detection Based on the Test Data
Based on the above research, the monitoring system of the ultrasonic damage detector was shown in Figure 12 , using ultrasonic flaw detector as the signal generator with sensors based on four FBGs, two of which were arranged in a straight line spacing of 50 mm with the other two on the other line. Ultrasonic signals from ultrasonic probe about a distance of 100 mm from FBG, were transmitted to the plate structure through the coupling agent, and FBGs pasted on the board structure detected by the ultrasonic strain. The center wavelengths of the FBGs were 1303 nm and the center frequency of ultrasonic probe was 1 MHZ with the 30 ∘ wedge angle. The demodulation system was to demodulate the FBG reflection wavelength, which would be displayed on a digital oscilloscope display after the photoelectric conversion which was adjusted to 10 dB. Type of tunable laser source was Santec-TSL-510, photoelectric detector was Thorlabs-PDA-10CS, and digital oscilloscope was RIGOL-DS1102E.
Taking one sensor, whose sensing signals were collected, we analyzed propagation velocity and delay time of ultrasonic transmission. In order to establish the elliptic equation, we needed to know the distance and the distance , which could be calculated according to the time parameters of the output waveform. Typical health waveform obtained by experiment was as shown in Figure 13(a) , and damaged waveform was as shown in Figure 13 (b) when the hole diameter of damage was 6 mm. According to the comparison of the waveform parameters shown in Figure 13 , the elliptic equation was established. Then, the second elliptic equation was established by another sensor using the same method. Then, we would get the intersection of the ellipses, which was the damage position.
When ultrasonic acoustic axis and optical fiber grating were laid on a line, waveform under damaged mode had no obvious change compared with waveform under health mode, as shown in Figure 14 . So, it was very important to select the appropriate incentive points of the ultrasonic excitation source.
The estimation method of delay time for damage analysis had the advantages of simple principle and convenient operation, but estimation accuracy of time delay was limited because the differential signals amplitude between health signal and damage signal obtained were weak.
Conclusion
This paper had researched the ultrasonic excitation fiber grating sensing system and proposed the location algorithm based on elliptic technology for damage detection, taking the board structure as the object. Firstly, the basic characteristics of fiber Bragg grating sensing signals under ultrasonic excitation were analyzed with different excitation parameters, 6 Advances in Acoustics and Vibration then the damage location algorithm was studied, which had the advantages of simple operation. Finally, the experimental equipments based on ultrasonic excitation-fiber Bragg grating detection were set up. The experimental phenomenon showed that the estimation method of the location algorithm based on elliptic technology was simple, but the accuracy of location detection was limited due to the change of ultrasonic wave mode. In future work, we can try to reduce the frequency of ultrasound excitation in order to improve the positioning accuracy.
